Abstract Testosterone replacement improves metabolic parameters and cognitive function in hypogonadism. However, the effects of testosterone therapy on cognition in obese condition with testosterone deprivation have not been investigated. We hypothesized that testosterone replacement improves cognitive function in testosterone-deprived obese rats by restoring brain insulin sensitivity, brain mitochondrial function, and hippocampal synaptic plasticity. Thirty male Wistar rats had either a bilateral orchiectomy (ORX: O, n=24) or a sham operation (S, n=6). ORX rats were further divided into two groups fed with either a normal diet (NDO) or a high-fat diet (HFO) for 12 weeks. Then, ORX rats in each dietary group were divided into two subgroups (n= 6/subgroup) and were given either castor oil or testosterone (2 mg/kg/day, s.c.) for 4 weeks. At the end of this protocol, cognitive function, metabolic parameters, brain insulin sensitivity, hippocampal synaptic plasticity, and brain mitochondrial function were determined. We found that testosterone replacement increased peripheral insulin sensitivity, decreased circulation and brain oxidative stress levels, and attenuated brain mitochondrial ROS production in HFO rats. However, testosterone failed to restore hippocampal synaptic plasticity and cognitive function in HFO rats. In contrast, in NDO rats, testosterone decreased circulation and brain oxidative stress levels, attenuated brain mitochondrial ROS production, and restored hippocampal synaptic plasticity as well as cognitive function. These findings suggest that testosterone replacement improved peripheral insulin sensitivity and decreased oxidative stress levels, but failed to restore hippocampal synaptic plasticity and cognitive function in testosterone-deprived obese rats. However, it provided beneficial effects in reversing cognitive impairment in testosterone-deprived non-obese rats.
Introduction
Testosterone plays a major role in reproductive function by promoting secondary sexual characteristics and emotions (Janowsky 2006) . Previous studies demonstrated that testosterone plays an important role in metabolic activities, including the regulation of glucose and lipid metabolism (Aydilek and Aksakal 2005; Christoffersen et al. 2010) . Growing evidence has demonstrated that testosterone deficiency is associated with an increased incidence of obesity (Shi et al. 2013; Stellato et al. 2000) . In addition, a positive correlation between obese-insulin resistance and testosterone deficiency has been reported (Grossmann et al. 2008; Haffner et al. 1994 ), but contradictory findings have been demonstrated in some animal models (Borst and Conover 2006; Erben et al. 2000; Kakolewski et al. 1968 ). In addition, our previous studies demonstrated that 15 weeks of a high-fat diet (HFD) consumption in male rats induced not only obese-related insulin resistance, but also impaired brain insulin sensitivity and brain mitochondrial dysfunction, leading to cognitive decline Pintana et al. 2012; Pipatpiboon et al. 2013) . However, the effects of testosterone deprivation under obese insulin-resistant conditions on cognitive function have not been thoroughly investigated.
Although testosterone replacement has been prescribed to patients with hypogonadism to improve the quality of life and overall health, including the improvement of cognitive function in men (Donatucci et al. 2014 ) and animal models (Bassil and Morley 2010 ; Cunningham and Toma 2010; Margo and Winn 2006) , several studies found that testosterone replacement in the hypogonadal condition has either no effect or adverse effects on cognition in animal models (Emamian et al. 2010; Harooni et al. 2008; Khorshidahmad et al. 2012; Naghdi and Asadollahi 2004) and humans (Kenny et al. 2004; Lu et al. 2006; Maki et al. 2007; Vaughan et al. 2007; Wolf et al. 2000) . In addition, previous studies reported that a high dosage of testosterone could lead to increased cell apoptosis (Cunningham et al. 2009 ), neuronal toxicity (Buletko et al. 2012) , and impaired learning and decreased memory capability in animal models (Emamian et al. 2010; Harooni et al. 2008; Naghdi et al. 2005; Spritzer et al. 2011) .
At present, the effects of testosterone replacement on brain insulin receptor function, brain mitochondrial function, and cognitive function in either testosterone deprivation with or without obesity have not been investigated. The hypotheses of the present study are as follows:
1. Testosterone-deprived rats with or without obesity have impaired brain insulin receptor function, decreased brain insulin signaling, impaired brain mitochondrial function, and impaired hippocampal synaptic plasticity, thus leading to cognitive decline 2. Testosterone replacement restores these impairments in conditions of testosterone deprivation with or without obesity.
Materials and methods

Animal models and experimental protocols
All experiments were conducted in accordance with the approved protocol of the Faculty of Medicine, Chiang Mai University Institutional Animal Care and Use Committee, in compliance with NIH guidelines. Thirty male Wistar rats, weighing 180-200 g (aged~5-6 weeks old) obtained from the National Animal Center, Salaya Campus, Mahidol University, Bangkok, Thailand, were used. All animals were housed in environmentally controlled conditions (25±0.5°C and a 12-h light/dark cycle) and allowed to acclimate for 1 week. Rats were then divided into two groups, either control shamoperated rats (S) (n=6) or bilateral orchiectomized (O) rats (n=24), as described previously (Pongkan et al. 2015) . Rats in the sham-operated group were fed with a normal diet (ND) for 16 weeks, and this group was the control group (NDS). Rats in the orchiectomized group were further divided into two dietary groups, where each group was fed on either a normal diet (ND 19.77 % E fat, NDO) or a high-fat diet (HFD 59.28 % E fat, HFO) for 12 weeks (Pratchayasakul et al. 2011) . At the end of week 12, the rats in each dietary group were subdivided into two subgroups (n=6/subgroup). Each subgroup were given castor oil (NDOOil and HFOOil) or testosterone replacement 2 mg/kg/days (NDOTes and HFOTes), via subcutaneous injection for 4 weeks (Pongkan et al. 2015 ). The cognitive function was subsequently determined by the Morris water maze (MWM) test at the end of week 16 of the experimental protocol. Blood samples were collected from a tail vein at week 12, and week 16 of the experimental protocol for further plasma analysis. At the end of the experimental protocol, rats were deeply anesthetized with isoflurane and killed by decapitation. The brain of each rat was quickly removed and carefully sliced in preparation for investigation, including extracellular recording (insulin-induced long-term depression (LTD) and hippocampal synaptic long-term potentiation (LTP)), immunoblot analysis, brain mitochondrial function and brain malondialdehyde (MDA) measurement. The experimental protocol is summarized in Fig. 1 .
Blood sample assays
Plasma glucose and cholesterol levels were determined by colorimetric assay (Biotech, Bangkok, Thailand). Plasma HDL and LDL levels were determined using a commercial colorimetric assay kit (Biovision, CA, USA). Plasma insulin levels were determined using the sandwich enzyme-linked immunosorbent assay (ELISA) kit (Millipore, MI, USA). Peripheral insulin resistance was assessed using the homeostasis model assessment (HOMA) as described in previous studies (Pipatpiboon et al. 2013; Pratchayasakul et al. 2011 ). An oral glucose tolerance test (OGTT) was performed as described previously (Pipatpiboon et al. 2013) . Areas under the curves (AUCs) were calculated to evaluate glucose tolerance. Plasma testosterone levels were determined as described previously (Pongkan et al. 2015) .
Serum and brain MDA levels
The high-performance liquid chromatography (HPLC) method was used to evaluate concentrations of serum and brain MDA as described previously (Candan and Tuzmen 2008; Mateos et al. 2005; Pintana et al. 2013; Pintana et al. 2014 ).
Brain slice preparation
At the end of the experimental protocol, animals were anesthetized with isoflurane and decapitated. The hippocampal slices were prepared as described previously for extracellular recording to determine insulin-induced LTD and hippocampal synaptic LTP (Pipatpiboon et al. 2013; Pipatpiboon et al. 2012; Pratchayasakul et al. 2011) .
Extracellular recordings from the hippocampal slices for insulin-induced LTD An extracellular recording of hippocampal slices for insulin-induced LTD was performed as described in the previous studies (Pipatpiboon et al. 2013; Pipatpiboon et al. 2012; Pratchayasakul et al. 2011) . Field excitatory postsynaptic potentials (fEPSPs) were evoked by stimulating the Schaffer collateralcommissural pathway with a bipolar tungsten electrode, while recordings were taken from the stratum radiatum of the hippocampal CA1 region with micropipettes (3 MΩ) filled with 2 M NaCl. Stimulus frequency was 0.033 Hz. The stimulus intensity of fEPSPs was adjusted to 0.8-1.0 mV in amplitude. Hippocampal slices were perfused with aCSF (as a baseline condition) for 10 min, and then perfused with aCSF plus 500 nM insulin (as insulin-induced LTD) for an additional 10 min. After this, the slices were perfused with aCSF for an additional 50 min and readings recorded. Data was filtered at 3 kHz, digitized at 10 kHz, and stored in a computer using pClamp 9.2 software (Axon Instruments, CA, USA). The initial slope of the fEPSP was measured and plotted against time.
Extracellular recordings from hippocampal slices for synaptic LTP
The examination of electrical-induced hippocampal synaptic LTP was performed as described in the previous study . fEPSPs were evoked by stimulating the Schaffer collateralcommissural pathway with a bipolar tungsten electrode, while the fEPSP recordings were taken from the stratum radiatum of the hippocampal CA1 region with micropipettes (3 MΩ) filled with 2 M NaCl. LTP was induced by delivering high-frequency stimulation (HFS; four trains at 100 Hz; 0.5-s duration; 20-s interval). Experiments were performed for at least 40 min after HFS. The amount of potentiation was calculated at 40 min after tetanus. All data were filtered at 3 kHz, digitized at 10 kHz, and stored in a computer using pClamp9.2 software (Axon Instruments, CA, USA). The initial slopes of the fEPSPs were measured and plotted against time.
Immunoblotting for brain insulin signaling
To investigate the expression of insulin receptor phosphorylation (p-IR) and insulin receptors (IRs), homogenate brain slices from each subgroup were used as described in the previous study (Pipatpiboon et al. 2013; Pipatpiboon et al. 2012; Pratchayasakul et al. 2011) . Electrophoresis and immunoblotting were carried out on IR tyrosine phosphorylation using rabbit antibodies for IR at tyrosine. The level of IR protein expression was assessed with homogenates prepared from another set of four whole brain slices. These proteins were resolved by an immunoblot assay conducted with rabbit anti-IR at tyrosine phosphorylation. These proteins were resolved by an immunoblot assay conducted with rabbit anti-IR at tyrosine phosphorylation (p-IR tyr1162/1163 ) (1:1000; sc-25103-R; Santa Cruz Biotechnology, CA, USA), IR (1:1000; sc-711; Santa Cruz Biotechnology, CA, USA). For a loading control, an immunoblot for each membrane was incubated with anti-β-actin (1:4000; #4967; Cell Signaling Technology, MA, USA). All membranes for visualizing the phosphorylation and the protein levels of IR expression were incubated with secondary goat anti-rabbit antibody conjugated with horseradish peroxidase (1:2000; #7074; Cell Signaling Technology, MA, USA). The protein bands were visualized on Amersham hyperfilm ECL (GE Healthcare, Buckinghamshire, UK) using Amersham ECL Western blot detection reagents (GE, Healthcare). Band densities of phosphorylated IR were represented as a ratio of insulin stimulation (+) to no insulin stimulation (−) and were normalized to total IR. In addition, band intensities were quantified by Scion Imaging and the results were shown as average signal intensity (arbitrary) units.
Brain mitochondrial function study
Brain mitochondria were isolated using the method described previously (Pipatpiboon et al. 2013 ). Mitochondrial protein concentration was measured using BCA assay (Pipatpiboon et al. 2013) , and brain mitochondrial function including brain mitochondrial reactive oxygen species (ROS), mitochondrial membrane potential change (ΔΨm), and mitochondrial swelling were determined. Brain mitochondrial reactive oxygen species (ROS) were measured using dichlorohydrofluoresceindiacetate (DCFHDA) fluorescent dye. The change in ΔΨm was measured using the Fig. 1 The experimental protocol of the study. ND normal diet, HFD high-fat diet, ORX orchiectomy, NDS sham-operated rats with normal diet feeding, NDOOil orchiectomized-operated rats with normal diet feeding and treated with castor oil, NDOTes orchiectomized-operated rats with normal diet feeding and treated with testosterone, HFOOil orchiectomized-operated rats with highfat diet feeding and treated with castor oil, HFOTes orchiectomized-operated rats fed with a high-fat diet and treated with testosterone, w week, OGTT oral glucose tolerance test fluorescent dye 5,5′,6, 6′-tetrachloro-1,1′,3,3′-tetraethyl benzimidazolcarbocyanine iodide (JC-1), and brain mitochondrial swelling was determined by measuring the change in the absorbance of brain mitochondrial suspension at 540 nm. All were determined by following the methods described previously Pipatpiboon et al. 2013) .
Cognitive function test
The open-field test (OFT) was used to screen locomotor activity by counting the number of lines that the rats crossed during the test, as described in previous studies (Arakawa 2005; Pintana et al. 2013) . The assessment of cognitive function was performed by using the MWM with two assessments including the acquisition test which was carried out for five consecutive days, and the probe test which was performed on day 6 Vorhees and Williams 2006) . Data analysis of the MWM test was done manually from video tape recordings by the investigators, who were blinded to all experimental groups.
Statistical analysis
Data were expressed as mean±SEM. For all comparisons, the significance of the differences in peripheral biochemical parameters was calculated using the MannWhitney U test. The comparisons in the percentage of insulin-induced LTD, the percentage of LTP, brain mitochondrial function, immunoblot, the OFT tests and the MWM tests for the probe test between groups were performed using the one-way ANOVA test, followed by post hoc LSD analysis. Comparisons among groups in MWM tests for the acquisition test were performed using a two-way ANOVA, followed by post hoc LSD analysis. P < 0.05 was considered statistically significant.
Results
Obesity, but not testosterone deprivation, caused peripheral insulin resistance Testosterone deprivation by orchiectomy was confirmed by reduced plasma testosterone levels in NDO rats treated with castor oil (NDOOil) and HFO rats treated with castor oil (HFOOil) ( Table 1) . Testosterone replacement increased plasma testosterone levels in both NDO rats treated with testosterone (NDOTes) and HFO rats treated with testosterone (HFOTes), when compared to that of NDOOil and HFOOil rats (Table 1) . NDOOil rats had significantly decreased body weight and less visceral fat, without any significant alteration in plasma insulin, HOMA index, plasma glucose area under the HFOOil rats demonstrated the characteristics of peripheral insulin resistance, including increased plasma insulin, HOMA index, plasma AUCg, total cholesterol, plasma LDL cholesterol levels as well as decreased plasma HDL cholesterol levels, when compared with those of NDS rats. Interestingly, HFOTes rats had significantly decreased plasma AUCg, plasma total cholesterol and plasma LDL cholesterol levels, when compared with those of HFOOil rats (Table 1) . However, plasma glucose and plasma triglyceride levels were not significantly different between all groups. All of these findings suggest that testosterone replacement attenuated peripheral insulin resistance in testosterone-deprived obese rats via improved peripheral insulin sensitivity as indicated by improved OGTT and reduced lipid profiles.
Obesity, but not testosterone deprivation, caused the impairment of brain insulin receptor function
Brain insulin receptor function was tested by measuring insulin-induced LTD and brain insulin signaling. For the insulin-induced LTD study, the degrees of insulinmediated LTD in ND-fed rats (NDS, NDOOil, and NDOTes) were not significantly different between groups (n = 2-3 independent slices/animal, n = 6 animals/group Fig. 2a) . However, the degree of insulininduced LTD was significantly reduced in HFOOil rats, when compared with that of NDS, NDOOil, and NDOTes rats (n=2-3 independent slices/animal, n=6 animals/group, Fig. 2a ). Testosterone replacement did not reverse that impairment in HFOTes rats (n=2-3 independent slices/animal, n=6 animals/rats, Fig. 2a) .
As regards the brain insulin signaling study, the phosphorylation of insulin receptors (p-IR) showed no significant difference between rats in the groups of ND-fed rats (NDS, NDOOil, and NDOTes) (Fig. 2b) . However, levels of p-IR of HFOOil rats were significantly decreased, when compared with those of ND-fed rats (Fig. 2b) . In addition, the expression of insulin receptors (IR) in all groups showed no significant difference between all groups (Fig. 2c) . Testosterone replacement did not reverse these impaired effects in HFOTes rats (Fig. 2b) .
All of these findings suggest that the obese insulinresistant condition, but not testosterone deprivation, caused the impairment of brain insulin receptor function and brain insulin signaling. Moreover, testosterone replacement failed to restore the impairment of brain insulin receptor function as well as brain insulin signaling in the testosterone-deprived obese condition.
Testosterone deprivation with obesity caused brain mitochondrial dysfunction and testosterone replacement reduced brain mitochondrial ROS production Brain mitochondrial function was determined by assessing changes in brain mitochondrial ROS production and brain ΔΨm after H 2 O 2 stimulation, and brain mitochondrial swelling. The results show that brain mitochondrial ROS production was significantly increased in NDOOil rats, when compared with NDS rats, whereas NDOTes rats had significantly decreased brain mitochondrial ROS production, when compared with NDOOil rats (Fig. 3a) . However, brain mitochondrial membrane potential change and brain mitochondrial swelling were not significantly different between groups of ND-fed rats (NDS, NDOOil, and NDOTes) (Fig. 3b, c) . Furthermore, HFOOil and HFOTes rats had significantly increased brain mitochondrial ROS production, brain mitochondrial depolarization, and brain mitochondrial swelling, when compared with those of NDS rats (Fig. 3a-c) . Interestingly, the brain mitochondrial ROS production in the HFOOil group was significantly higher than that in NDOOil rats. This result suggests that the combination of high-fat diet and orchiectomy aggravates the severity of brain mitochondrial ROS production. In addition, testosterone replacement significantly decreased brain ROS production in HFOTes rats, when compared with that of HFOOil rats (Fig. 3a) . However, testosterone replacement did not attenuate brain mitochondrial depolarization and brain mitochondrial swelling in HFOTes rats (Fig. 3b, c) .
The morphological changes of brain mitochondria from all groups are shown in Fig. 4 . Intact brain mitochondrial morphology with apparent folded cristae was observed in all ND-fed rats (NDS, NDOOil, and NDOTes) (Fig. 4a-c ). Brain mitochondrial swelling was observed in both the HFOOil and HFOTes groups as indicated by markedly unfolded cristae (Fig. 4d, e) . All of these findings suggest that testosterone deprivation, with or without obesity, caused an increase in brain mitochondrial ROS production. Obesity alone, but not testosterone deprivation, caused brain mitochondrial dysfunction via increased brain ROS production, brain mitochondrial depolarization and brain mitochondrial swelling. In addition, testosterone replacement reduced brain ROS production in the testosterone-deprived rats with or without obesity, but it did not restore other mitochondrial functions. Fig. 2 The effects of testosterone replacement on brain insulin receptor function, including insulin-induced LTD, the phosphorylation of insulin receptor (p-IR), and the expression of insulin receptors (IR) in testosterone-deprived rats with or without obesity. Insulin-induced LTD in the CA1 hippocampus and the phosphorylation of IR are significantly decreased in rats in the HFOOil group, when compared with that of the NDS group (a, b). Testosterone replacement could not improve the ability of insulin-induced LTD and the phosphorylation of IR in rats in the HFOTes group, when compared with that of HFOOil rats (a, b). No differences in the expression of IR between all groups were found (c). NDS shamoperated rats with normal diet feeding, NDOOil orchiectomizedoperated rats with normal diet feeding and treated with castor oil, NDOTes orchiectomized-operated rats with normal diet feeding and treated with testosterone, HFOOil orchiectomized-operated rats with high-fat diet feeding and treated with castor oil, HFOTes orchiectomized-operated rats fed with a high-fat diet and treated with testosterone; *p<0.05 vs NDS band densities of phosphorylated IR were represented as a ratio of insulin stimulation (+) and no insulin stimulation (−) and were normalized to total IR Testosterone deprivation with or without obesity caused an increase in brain lipid peroxidation, and testosterone replacement attenuated those impairments Circulation and brain oxidative stress were determined by assessing serum MDA and brain MDA levels. The results demonstrated that both circulating MDA and brain MDA levels significantly increased in NDOOil, HFOOil, and HFOTes rats compared to NDS rats (Fig. 5a, b) . Furthermore, rats in the HFOOil group showed both significantly increased circulating and brain MDA levels compared to NDOOil rats (Fig. 5a, b) . Testosterone replacement significantly decreased both circulating MDA and brain MDA levels in NDOTes and HFOTes, but the levels of plasma and brain MDA in NDOTes rats were significantly lower than those in HFOTes rats.
These findings suggest that testosterone deprivation, with or without obesity, increased both circulating and brain lipid peroxidation levels, and testosterone replacement attenuated those impairments.
Testosterone deprivation causes cognitive impairment, and testosterone replacement restores this impairment in non-obese condition To study hippocampal synaptic plasticity, electricalinduced LTP was determined. The results demonstrated that the degree of electrical-induced LTP was significantly decreased in both NDOOil and HFOOil rats, when compared with that of NDS rats. The reductions of electrical-induced LTP in both NDOOil and HFOOil rats (n=2-3 independent slices/animal, n=6 animals/ group Fig. 6a) were not significantly different. In addition, testosterone replacement improved the degree of electrical-induced LTP in only NDOTes rats. These findings indicate that testosterone deprivation with or without obesity caused the impairment of hippocampal synaptic plasticity. However, testosterone replacement Fig. 3 The effects of testosterone replacement on brain mitochondrial function in testosterone-deprived rats with or without obesity. Rats in the NDOOil group show significantly increased brain mitochondrial ROS production following H 2 O 2 application (a). Rats in the HFOOil group demonstrated brain mitochondrial dysfunction, as indicated by increased brain mitochondrial ROS production following H 2 O 2 application (a), increased brain mitochondrial membrane potential change following H 2 O 2 application (b), and decreased absorbance values, indicating brain mitochondrial swelling (c). Testosterone replacement significantly decreased brain mitochondrial ROS production in NDOTes and HFOTes rat groups (a). However, testosterone did not improve brain mitochondrial membrane potential change and brain mitochondrial swelling in rats in the HFOTes group (b, c). NDS sham-operated rats with normal diet feeding, NDOOil orchiectomized-operated rats with normal diet feeding and treated with castor oil, NDOTes orchiectomized-operated rats with normal diet feeding and treated with testosterone, HFOOil orchiectomized-operated rats with high-fat diet feeding and treated with castor oil, HFOTes orchiectomized-operated rats fed with a high-fat diet and treated with testosterone; *p<0.05 vs NDS, †p<0.05 vs NDOOil, and ‡p<0.05 vs HFOOil restored that impairment in testosterone deprivation without obesity. The OFT was used to screen locomotor activity. The results showed that there was no significant difference between all groups, indicating that the locomotor activity did not differ between the groups (data not shown). In addition, this study determined cognitive function by using the MWM test. For the acquisition test, the time to reach the platform of NDOOil and HFOOil rats was significantly longer than that of NDS rats (Fig. 6b) . In addition, testosterone administration could not improve the time to reach the platform in these rats (Fig. 6b) .
For the probe test, the time spent in the target quadrant of NDOOil and HFOOil rats was significantly decreased, when compared with that of NDS rats (Fig. 6c) . However, no difference was found for this parameter between NDOOil and HFOOil rats (Fig. 6c) . Testosterone replacement significantly increased the time spent in the target quadrant of NDOTes rats but not that of HFOTes rats (Fig. 6c) .
These findings suggest that testosterone deprivation alone could cause cognitive decline, and testosterone replacement could help restore this impairment. However, testosterone failed to improve cognitive decline when testosterone deprivation was under obese condition. Table 2 summarizes all findings reported in the present study.
Discussion
The major findings of the present study are as follows:
(1) testosterone deprivation alone causes the impairment of hippocampal synaptic plasticity and cognitive decline, without causing the impairment of peripheral insulin sensitivity and brain insulin sensitivity, and brain Fig. 4 Representative images of brain mitochondrial morphology by transmission electron microscopy (JEM-2200FS field emission electron microscope, original magnification ×20,000) after testosterone treatment. Normal folding of cristae in brain mitochondrial morphology was shown among all ND-fed rats (a-c). However, brain mitochondrial swelling, as indicated by unfolded cristae, of both HFOOil and HFOTes groups was observed (d, e). NDS shamoperated rats with normal diet feeding, NDOOil orchiectomizedoperated rats with normal diet feeding and treated with castor oil, NDOTes orchiectomized-operated rats with normal diet feeding and treated with testosterone, HFOOil orchiectomized-operated rats with high-fat diet feeding and treated with castor oil, HFOTes orchiectomized-operated rats fed with a high-fat diet and treated with testosterone mitochondrial function; (2) testosterone replacement effectively restores the hippocampal synaptic plasticity and cognitive function in these testosterone-deprived rats; (3) testosterone deprivation with obesity causes both peripheral and brain insulin sensitivity, brain mitochondrial dysfunction, and impaired hippocampal synaptic plasticity, resulting in cognitive decline; (4) testosterone replacement improves peripheral insulin sensitivity in these testosterone-deprived obese rats, but fails to restore brain insulin receptor function and cognitive function in testosterone-deprived obese rats; (5) regarding lipid peroxidation, testosterone deprivation increases circulating and brain lipid peroxidation, and obesity aggravates this condition in testosteronedeprived rats; and (6) testosterone replacement causes a decrease in both circulation and brain lipid peroxidation in both testosterone-deprived rats and testosteronedeprived obese rats, but at a greater degree in testosterone deprivation alone.
There is growing evidence that testosterone deprivation is associated with cognitive decline in both men and animal models (Hogervorst et al. 2004; Hogervorst et al. 2001; Sakata et al. 2000; Spritzer et al. 2011) . A previous study demonstrated that testosterone deprivation in orchiectomized male rats caused increased oxidative damage and a reduction of antioxidants in the hippocampus (Meydan et al. 2010 ). In addition, several previous studies showed that testosterone plays an important role in cognitive function (Naghdi et al. 2005; Sakata et al. 2000; Sandstrom et al. 2006; Spritzer et al. 2011 ). The present study confirms previous findings that rats with testosterone deprivation alone developed cognitive decline, impaired hippocampal synaptic plasticity and showed an increase in brain lipid peroxidation. However, additional findings in this study further demonstrated that there were no alterations in brain insulin sensitivity and brain mitochondrial function in these testosterone-deprived rats. Since brain lipid peroxidation and brain mitochondrial function have been shown to play an important role in brain insulin sensitivity (Muriach et al. 2014; Pipatpiboon et al. 2013) , the possible explanation of no alteration of brain insulin sensitivity and brain mitochondrial function in these rats could be due to the fact that the level of brain mitochondrial ROS production and brain lipid peroxidation in these testosterone-deprived rats was not sufficiently high to reach the critical threshold in order to cause brain mitochondrial dysfunction, thus no impaired brain insulin sensitivity was observed in these rats (Aon et al. 2006; Cortassa et al. 2004) . Previous studies demonstrated that testosterone deficiency is associated with the impairment of insulin sensitivity (Christoffersen et al. 2010; Georgiev et al. 2011) . Orchiectomized rats in that study had significant weight gain. However, in our study and others (Axell et al. 2006; Borst and Conover 2006; Chai et al. 1999; Erben et al. 2000; Gao et al. 2005; Gentry and Wade 1976; Kakolewski et al. 1968) , no impairment of insulin Fig. 5 The effects of testosterone replacement on serum and brain malondialdehyde (MDA) levels in testosterone deprived rats with or without obesity. Both NDOOil and HFOOil treatments significantly increased serum and brain MDA levels (a, b). Testosterone replacement significantly decreased both serum and brain MDA levels in rats in the NDOTes and HFOTes groups (a, b). NDS sham-operated rats with normal diet feeding, NDOOil orchiectomized-operated rats with normal diet feeding and treated with castor oil, NDOTes orchiectomized-operated rats with normal diet feeding and treated with testosterone, HFOOil orchiectomized-operated rats with high-fat diet feeding and treated with castor oil, HFOTes orchiectomized-operated rats fed with a high-fat diet and treated with testosterone; *p<0.05 vs NDS, †p<0.05 vs NDOOil, ‡p<0.05 vs HFOOil, and #p<0.05 vs NDOTes sensitivity was found. This could be due partly to the fact that no weight gain was observed in those orchiectomized rats.
Previous studies demonstrated that HFD-induced obesity caused the development of peripheral insulin resistance and brain insulin resistance in male rats (Akiyama Fig. 6 The effects of testosterone replacement on hippocampal synaptic long-term potentiation (LTP) and cognitive function determined by the Morris water maze (MWM) test in testosteronedeprived rats with or without obesity. Both orchiectomized-operated groups (NDOOil and HFOOil rat groups) showed significantly a reduced percentage of normalized fEPSPs, when compared with that of NDS rats (a). Testosterone replacement improves the percentage of normalized fEPSPs in only rats in the NDOTes group, when compared with that of rats in the HFOOil group (a). The rats in the HFOOil group showed a significantly increased time to reach the platform in the acquisition test as well as having a decreased time spent in target quadrant in the probe test, when compared with that of the NDS rat group (b, c). Rats in the NDOOil group showed a significantly decreased time spent in the target quadrant in the probe test, but there was no change in the time taken to reach the platform in the acquisition test (b, c). Testosterone replacement restored the time spent in the target quadrant in NDOTes rats, but not in HFOTes rats (c). NDS sham-operated rats with normal diet feeding, NDOOil orchiectomized-operated rats with normal diet feeding and treated with castor oil, NDOTes orchiectomizedoperated rats with normal diet feeding and treated with testosterone, HFOOil orchiectomized-operated rats fed on a high-fat diet and treated with castor oil, HFOTes orchiectomized-operated rats fed on a high-fat diet and treated with testosterone, HFS high-frequency stimulation. *p<0.05 vs NDS and †p<0. 05 vs NDOOil et al. 1996; Pratchayasakul et al. 2011; Stranahan et al. 2008 ). In addition, our previous studies suggest that brain mitochondrial dysfunction and increased brain oxidative stress caused the impairment of brain insulin sensitivity and cognitive decline in obese-insulin resistant rats Pipatpiboon et al. 2013; Pipatpiboon et al. 2012) . The present study further demonstrated that it is the obese condition that caused peripheral insulin resistance, brain insulin resistance, and brain mitochondrial dysfunction in testosterone-deprived rats. Similarly to testosterone-deprived rats, these obese testosteronedeprived rats also had increased brain lipid peroxidation with impaired hippocampal synaptic plasticity and showed cognitive decline. All of these findings indicate that both testosterone and obesity play an important role in cognitive function.
Although several studies indicated that testosterone would be pro-oxidant (Siddiqui et al. 2005; Warner et al. 2004) , our study showed that testosterone replacement exerted antioxidative effects, as indicated by a reduction in brain mitochondrial ROS level and MDA level in NDO and HFO rats. In the present study, testosterone replacement restored cognitive function, synaptic plasticity, and decreased lipid peroxidation in testosteronedeprived rats. However, testosterone replacement improved only peripheral insulin sensitivity but failed to improve brain insulin sensitivity, hippocampal synaptic plasticity, and cognition in testosterone-deprived obese rats. The beneficial effect of testosterone on metabolic parameters in obese condition was also supported by other previous reports (Isidori et al. 2005; Marin et al. 1992 ). For cognitive function, although testosterone replacement restored cognitive function possibly through the antioxidant effect in testosterone-deprived rats, we found that this treatment failed to restore cognition, hippocampal synaptic plasticity, and brain insulin sensitivity in testosterone-deprived obese rats. This could be due to the fact that testosterone replacement in the present study could reduce brain mitochondrial ROS production (Fig. 3a ) and brain lipid peroxidation levels (Fig. 5b) to a lesser degree in testosteronedeprived obese rats when compared to rats with testosterone deprivation alone. These reductions were not sufficient to restore brain mitochondrial function, increase brain insulin sensitivity, and improve hippocampal synaptic plasticity and cognitive function in testosterone-deprived rats with obesity.
In conclusion, the present study indicates that in conditions of testosterone deprivation with obesity, testosterone replacement could only attenuate peripheral insulin sensitivity, improve lipid profiles, and decrease brain mitochondrial ROS production, as well as circulating and brain lipid peroxidation levels, without restoring hippocampal synaptic plasticity and improving cognitive function. In cases of testosterone deprivation alone, impaired hippocampal synaptic plasticity and cognitive function can be restored by testosterone replacement. 
Conflict of interest
The authors declare that they have no conflict of interest. 
